We propose a quantum heat engine based on an Aharonov-Bohm interferometer in a two-terminal geometry, and investigate its thermoelectric performances in the linear response regime. Sizeable thermopower (up to ∼ 0.3 mV/K) as well as ZT values largely exceeding unity can be achieved for suitable system parameters and temperature bias across the interferometer leading to thermal efficiency at maximum power approaching 30% of the Carnot limit. This is close to the optimal efficiency at maximum power achievable for a two-terminal heat engine. Changing either the magnetic flux or a bias voltage through a capacitively-coupled electrode allow to finely tune the quantum heat engine performance. Despite the simplicity of the setup, the high performances of the engine are stable over a wide range of temperatures and length imbalances, promising towards experimental realization.
Introduction-The investigation of thermal properties and heat transport at the nanoscale has garnered an impressive attention in the last few years [1] [2] [3] [4] . Strong advances achieved so far have proven a deeper understanding of the fundamental processes governing thermal transport and dynamics in solid-state nano-systems, from both the theoretical [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and experimental side [19] [20] [21] [22] [23] [24] [25] [26] . A very relevant question is related to establish if, and up to which extent, quantum effects do play a role in setting and controlling the performance of nano-sized heat engines, for instance, their conversion efficiency and output power [27] [28] [29] . Albeit classical thermodynamics turns out to hold at the microscale, it is well established that quantum effects and phase coherence may have a profound impact on the overall behavior of nanoscopic heat engines. In the above context, the celebrated Aharonov-Bohm effect [30] , i.e., the quantum mechanical property for which a charged particle can be influenced by either electric or magnetic potentials, may represent the prototypical building block for the realization of efficient quantum heat engines.
Here we envision and analyze a solid-state phasecoherent heat engine based on a mesoscopic Aharonov-Bohm (AB) interferometer, as shown in Fig. 1 . Our proposal has a number of peculiar and attractive features: i) The engine is able to provide continuous heat extraction thanks to the existence of the AB effect, the latter being a purely quantum phenomenon; ii) The system can operate as an ideal heat switch providing precise modulation of its thermal conductance κ th from a thermally insulating to the conducting state. iii) The Seebeck coefficient S (thermopower) can be large, i.e., of several hundreds of µV/K for suitable system parameters and temperature bias across the interferometer, and of both positive and negative sign whereas the dimensionless figure of merit ZT obtains values largely exceeding unity; iv) The heat engine efficiency at maximum power approaches 30% of the Carnot efficiency, which is close to the theoretical optimum [28] . Properties i)-iv) can be finely tuned by changing either a magnetic flux piercing the interferome- quantum heat engine. L1 and L2 denote the lengths of the arms of the interferometer whereas T hot and T cold are the temperatures of the hot and cold reservoirs. ΦAB is the magnetic flux piercing the loop, Vg is the gate voltage, and J is the heat current flowing through the system. The AB interferometer is connected to a generic load resistor RL through dissipationless (superconducting) wires. V and Ic represent the thermovoltage developed across the AB ring, and the thermocurrent circulating in the circuit, respectively. b) Energy-dependent transmission probability TAB of the AB ring for fixed values of Vg and ΦAB and L, and different ring asymmetries δL.
ter loop or a voltage bias through a capacitively-coupled gate electrode. As the engine working principle is purely quantum, the AB setup is a clear example that quantum mechanics can be rather advantageous for the realization of efficient thermal machines. Yet, the AB interferometer represents the archetypal quantum platform in mesoscopic physics which has been largely investigated arXiv:1905.12672v1 [cond-mat.mes-hall] 29 May 2019 so far both from the theoretical [31] [32] [33] [34] [35] and experimental [36] [37] [38] [39] side since it can be easily realized with current state-of-the-art nano-fabrication techniques and available materials. In light of the above considerations, the AB engine has the potential to pave the avenue to the realization of a novel class of phase-tunable quantum machines ranging from thermal rectifiers [24, [40] [41] [42] [43] [44] [45] and autonomous heat engines [46] [47] [48] [49] to driven Floquet heat engines [50] [51] [52] [53] [54] [55] .
Transmission probability-We consider a two-terminal geometry consisting of an AB ring connected to two metallic reservoirs through T-junctions. The interferometer is threaded by a magnetic field that leads to an enclosed magnetic flux Φ AB and is gated via an external voltage V g , see Fig. 1 . The transmission amplitude consists of the sum of several types of trajectories, coming from the possibility of the electrons to be transmitted and reflected at each T-junction. Starting from Refs. [31, 33, 56] , assuming fully transparent T-junctions for the incoming and outgoing leads and extending the results for asymmetric AB arms lengths, we derive the most general expression of the transmission probability T AB for the AB ring:
Here χ = χ 1 + χ 2 and δχ = χ 1 − χ 2 , where χ i = k i L i are the dynamical phases that electrons acquire while traveling in each arm i = 1, 2, k i being the wave vector and L i the length of the corresponding arm. The AB flux is 2πΦ AB /Φ 0 with the flux quantum Φ 0 = h/e. The energy-dependence of T AB is put in evidence by linearizing the spectrum around the Fermi energy µ. Taking into account an additional voltage gate V g applied onto the lower arm and the possibility to tune the Fermi wave vector with some energy offsets applied onto each arm (k µ →k µ ), the wave vectors for electrons travelling through the upper and lower arms are respectively given by
For an asymmetric AB ring, the difference and sum of the dynamical phases then read:
Here we have defined L 1 ≡ L + δL and L 2 ≡ L, and v d the electronic drift velocity. Inserting Eqs. (3) and (4) into Eq. (1), we obtain the energy-dependent transmission probability, as a function of the arm's length L and asymmetry of the ring δL, and as a function of the tuning parameters, the AB flux Φ AB /Φ 0 and the gate voltage V g . Figure 1 illustrates the strong energy asymmetry of the transmission probability in presence of both an imbalance in the arms and a finite external voltage V g , crucial for reaching strong thermoelectric effects. Without one of these specificities, the AB ring can not be considered as promising quantum heat engine. Thermoelectric properties-In the linear response regime valid when T hot − T cold ≡ ∆T T ≡ (T hot + T cold )/2, and within a Landauer-Büttiker formalism, the charge and heat currents, respectively I and J, are related to a voltage bias ∆V and temperature bias ∆T by the transport coefficients [27, 29] :
These coefficients take the explicit form G = 2e 2 I 0 , L = 2eI 1 /T, K = 2I 2 /T with the integrals
The factor 2 in the transport coefficients accounts for spin-degeneracy, and the Fermi distribution's derivative
. The coefficients G, L, K fully determine the thermal conductance κ th , as well as the thermo-electric response of the device, i.e., the Seebeck coefficient S:
In addition to the AB flux and the gate volatge V g , we also investigate the transport and thermoelectric properties of the gated AB ring as a function of the average temperature T , and the length and imbalance of the ring, L and δL. Figure 2 , panel a), shows the electrical and thermal conductances, as well as the Seebeck coefficient for a fixed length of L = 2 µm and δL/L = 0.3 at temperature T = 500 mK. We note that both conductances show a similar behaviour as a function of the parameters. They reach maximal (minimal) values, indicating that the AB ring can also serve to fully control heat currents towards phase-coherent caloritronics (i.e., behaving as an ideal heat switch), using both V g and the AB flux [3] . Specific to thermoelectricity, the Seebeck coefficient is of high importance. As a function of V g , it exhibits a strong asymmetry, taking both positive and negative values. This reflects whether electron-or hole-like excitations contribute predominantly. Remarkably, it reaches values as high as 300 µV/K, twice the values obtained by operating a Mach-Zehnder interferometer as heat engine [11] , and several times larger than earlier devices based on tunneling quantum dots [8] and chaotic cavities [7] . Panel b) of Fig. 2 displays cuts of the same three quantities for a fixed AB flux, Φ AB /Φ 0 = 1/2, as a function of V g for different temperatures. At high temperatures, T = 4K, the electrical and thermal conductances do not exhibit maximal amplitude, preventing the use of the AB ring to fully control heat current. The Seebeck coefficient also exhibits a smaller amplitude at T = 4K, compared to lower temperatures, and we therefore expect lower performance of the corresponding heat engine. This is confirmed by investigating the ZT figure of merit, valid in the linear response regime. In Fig. 3 , we show the maximal ZT values obtained over the full parameter space spanned by the AB flux and gate voltage as a function of the imbalance of the interferometer δL/L. These maximal values were all obtained for fluxes equal to 0 or 1/2, but for various values of the gate voltage. Both panels clearly show that a finite imbalance is crucial to get ZT values larger than one, and therefore to operate the gated AB ring as efficient thermoelectric device. Interestingly, the good performances of this device are found for a wide range of length asymmetries, up to δL/L = 0.6. It also appears that average temperatures of 0.5 K and 1 K are optimal to operate this mesoscopic interferometer. The maximal ZT values at 0.1 K decrease more rapidly when increasing asymmetry, and the maximal ZT values at 4K are all below the threshold value 1. Comparing now panels a) and b), it appears that the figure of merit of this engine decreases when increasing the length L of the arms of the ring, for instance when going from L = 2 µm to L = 6 µm. Let us now emphasize that the latest values of the electronic coherence length in AB rings are of the order of l φ 6 µm at T = 1 K, and l φ 12µm at T = 0.5 K [39] . This experimental achievement, together with the relative facility of realizing this device with standard fabrication techniques in high-mobility GaAs-AlGaAs two-dimensional electron gas heterostructures, makes the AB ring very promising for being a realistic efficient and highly-tunable quantum heat engine, whose functioning relies on a genuine quantum mechanical effect.
The AB ring as efficient quantum heat engine-To harvest power from the engine, we close the circuit as shown in Fig. 1 with a load resistance R L . This load will develop a thermo-voltage V in the steady-state regime, which satisfies current conservation, I c = V /R L , where I c is the electrical thermocurrent given by Eq. (5) circulating in the circuit. The generated thermo-voltage takes the form V = R L G S ∆T /(GR L + 1), from which the outpout power generated by the AB ring can be directly calculated in terms of the transport and thermoelectric coefficients. Following Ref. [29] , the efficiency as a function of the power can be expressed in terms of the ZT coefficient, and therefore depends on the load resistance R L through the output power:
Here η C = ∆T /T is the Carnot efficiency in the lin- ear response regime and the maximum power P max = GS 2 ∆T 2 /4 is achieved for a thermo-voltage being half the stopping voltage V s = S∆T . We have exploited Eq. (8) to find the optimal value of the load resistance for different temperatures, as shown in Fig. 4 a) for T = 0.5 K. We took the maximal values of ZT and the corresponding values for Φ AB /Φ 0 and V g as shown in Fig. 3 . The optimal load resistances in units of the quantum resistance R q = h/2e 2 for T = {0.1, 0.5, 1, 4} K are respectively R L /R q = {100, 100, 74.9, 4.6}. In the lower panel of Fig. 4 , we show the efficiency η/η C from Eq. (8) as a function of the gate voltage V g for different temperatures and optimal load resistances. Remarkably, the efficiency reaches 28.3% of Carnot efficiency for T = 1 K and 28.6% at T = 0.5 K. It is also interesting to note that the efficiency reaches a similar maximum for the lowest and highest temperatures, T = 0.1 and T = 4 K. However, the thermoelectric advantage of the AB heat engine at T = 0.1 K compared to T = 4 K is clearly demonstrated in the inset. Whereas the efficiency reaches its maximum at maximum power for T = 4 K as expected when ZT < 1, the maximal efficiency at T = 0.1 K does not correspond to the efficiency at maximum power.
At T = 1 K and T = 0.5 K, the efficiency at maximum power reaches ∼ 26% and ∼ 27%, respectively. To the best of our knowledge, the highest efficiency at maximum power considering a mesoscopic engine has been recently obtained in [16] , and reached ∼ 29%. The corresponding device is an interferometer built within the quantum Hall regime, and the energy dependence of the transmission probability is induced by a time-dependent driven mesoscopic capacitor. From the experimental point of view, this device is much more complex compared to a tunable AB ring, for a similar efficiency at maximum power. However, we would like to stress out that these two proposals demonstrate the high potential of exploiting mesoscopic interferometric devices towards the realization of efficient quantum heat engines. The corresponding efficiencies at maximum power are close to the optimal one derived for a two-terminal engine, obtained with a box-car type transmission probability [28] .
Conclusions-In summary, we have proposed and analyzed a phase-coherent mesoscopic heat engine based on an Aharonov-Bohm quantum interferometer. The system can provide sizeable thermoelectric response, and large thermodynamic efficiency at maximum power (∼ 30%) which is close to the optimal one achievable for a twoterminal heat engine. Under conditions which are easily accessible from the experimental point of view, the heat engine is able to yield full phase and electrostatic control of thermal and electric conductance as well as of its thermoelectric figures of merit. High-mobility GaAs/AlGaAs two-dimensional electron gas heterostructures [39] are ideal candidates for the implementation of the AB quantum heat engine which is expected to lead to realistically robust performances over a wide range of system parameters configurations. Our results suggest the AB interferometer as the archetypal quantum platform for the realization of unique phase-tunable heat engines and quantum thermal machines operating at cryogenic temperatures.
